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Abstract. 2014 An auto-tuning system for the microwave cavity of hydrogen masers is considered. It is shown that it can be applied to oscillating masers. A tight control of the cavity resonant frequency is insured, with a short time constant. This is favourable to the improvement of the long term frequency stability of this frequency standard. Operating conditions exist which do not perturb the ultimately achievable long term frequency stability of the standard. It is shown that the microwave cavity resonant frequency can be easily adjusted so that the spin exchange frequency shift is eliminated as well as with known other cavity tuning methods.
Revue Phys. Appl. 16 (1981) [1] [2] is founded on equation (1) and consists in the observation of the oscillation frequency change while the atomic line quality factor is modulated. It has been widely implemented [3] . The second one is based on a correlation between the phase and the amplitude of oscillation [4] . (1) The reflected signal might be considered as well.
Both methods are conceptually satisfactory as they are able to eliminate cavity mistunings through the monitoring of the frequency or the phase of oscillation, two quantities of prime interest in frequency standards. However, they share in common two drawbacks : i) fluctuations in the frequency or the phase of oscillation limit the efficiency of the control of the cavity resonant frequency and ii) the time constant of the cavity control is very large, of the order of one hour or more [5] .
On the other hand, a more traditional means to tune the microwave cavity has proved to be very useful in recent developments of passively operated hydrogen masers [6] , which are studied for the purpose of size reduction. We show here that this method of cavity tuning can be applied to an oscillating maser (actively operated) and that it provides significant advantages. (4), (6), (7) and (8) : where am is the amplitude of the cavity response for 03C9 = 03C9c + Wm.
It is clear that t is the time constant of the servoloop response. As it is very well known, a small value of t gives a tight control of the cavity resonant frequency.
In the last term of equation (9) , the effect of amplitude noise is minimized when the quantity is a maximum. This is achieved for :
where Qc is the quality factor of the loaded microwave cavity. One Fourier frequencies Q [7, 8] much smaller than 1/T is Sd'2(03A9) given by [9] where Sba is the P.S.D. of noise fluctuations 03B4a(t). 2. 3 EFFECT OF FREQUENCY NOISES. - The first term of the right hand side of equation (13) shows that the low frequency components of the frequency fluctuations of the microwave cavity are more efficiently washed out when the value of '6 is small. This is the condition to be fulfilled to ensure a good long term frequency stability of the frequency standard. The choice of the value of t can then be made, knowing that -6 must be larger than the modulation period T.
The value -6 -1 s looks convenient. (13) and it determines the long term frequency stability. For Q « 1/T, one has :
It can be shown that we have [11, 12] :
where k is Boltzman constant, T is the absolute temperature of the cavity, Pc is the microwave power dissipated in the microwave cavity at frequency oic ± Wm, F is the noise factor of the amplifier, Qext and Qc are the external and loaded cavity quality factors, respectively.
It results from equations (1), (14) and (15) [16] . This effect can be interpreted in terms of virtual transitions [17] . The We find the same order of magnitude as for the effect considered in section 3. 1, and the same conclusion applies.
4. Possible realization of the method. -It is depicted in figure 3 . A quartz crystal oscillator is phase locked to a hydrogen maser [ 18] synthesizer. It is frequency modulated, so as to give the frequency 03C9(t)/2 03C0 defined by equation (2) . The signal transmitted by the microwave cavity is amplified and rectified. The synchronous detector then gives the error signal dl Awhich is filtered and then applied to a varactor coupled to the microwave cavity. The power level of the signal injected into the cavity is easily adjusted by comparing the levels of the maser oscillation and of the cavity-transmitted signal. The desired value of the time constant 1&#x26;, of the order of 1 s, is obtained by a proper choice of the parameters of the cavity tuning loop, according to equation (8) .
The reference frequency being synthesized from the maser oscillation, frequency fluctuations of the cavity tuning frequency are closely correlated to that of the maser signal, for observation times larger than TI. These fluctuations react on the maser oscillation frequency, as shown by equation (1) , but only negligeably thanks to the factor Qe/6i which is of the order of 3.5 x 10-5. This feedback is then very weak and does not change the conclusions of sections 2 and 3.
5. Elimination of the spin exchange frequency shift. -Collisions between hydrogen atoms produce the so-called spin exchange frequency shift [19, 20] . With previously considered cavity tuning methods, the related transition frequency offset is largely compensated and affects the maser oscillation frequency only negligibly [21] .
The same result can be obtained with the method proposed in this paper, as it is shown in the following. Taking into account spin exchange frequency shifts, the maser oscillation angular frequency 03C91 is given by [22] :
where cvo is the angular frequency of the atomic transition, in the absence of hydrogen-hydrogen collisions, T2 is that part of the transverse relaxation time which is not due to H-H collisions, TH is the contribution of H-H collisions to the longitudinal relaxation time, úJr has the same meaning as above, 03B403C9c is the width of the cavity resonance, À is the spinexchange frequency shift cross-section and e. is a dimensionless parameter which is introduced to represent the effect of the interruption of the oscillating magnetic moments during collisions [20] . C is a constant defined in reference [22] .
The quantity T-1H depends linearly on the atomic density in the bulb situated in the microwave cavity. It can be seen, from equation (21) that it exists a value of 03C9r for which the oscillation frequency does not depend on the atomic density. It is given by : when equation (22) This value of the oscillation frequency is the same as obtained in the frequency method [2, 20, 21] , and it is the so-called spin exchange frequency tuned value.
Therefore, the value of 03C9r can be adjusted once, and the maser will deliver the proper frequency wt.
6. Conclusion. - [14] :
where T2 is the transverse relaxation time of the active maser medium, which is related to the line Q factor by p/)o is the ratio of the amplitudes, measured in the microwave cavity, of the disturbing and the freeoscillation signals respectively. Equation (24) is valid when the coupled signal perturbs only negligibly the amplitude of the maser oscillation, which is the present situation with T2(03C91 -03C9) 1. Equation (24) is classical in the description of synchronization properties of electronic oscillators [23] or of phase-lock loops [24] . 
